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I, HAROLD W. KROTO, PH.D. .'. declare 


follows : 


and say as 


1- la the Royal society Research Professor in the 
schoox of chemistry md Scienc6s ^ ^ ^ 

Sussex. Brighton. Cnited Kingdo* (one o£ only ^ 
appointments in the Kingdom . In addition. , havs been 

awarded over one dozen honorary degree, from various 
universities. m 1SM . z , along ^ ^ ^ 

aaUty - ""i** the Kobe! Prize in chemistry for our 
^coverv of fullerenes . EarUer that yaar _ r ^ 

ttighthood for v contributions to chemistry. For the 

COnVKliflCe ° f tha ^tent .and TrademarJc offlce x 

Have attached hereto as Exhibit i my aai^,^, ^ 

descries my credentials and demonstrates ay expertise in the 
area of fullerenes. - 

2. I a* intimately familiar with the literature 
concerning and was personally involved in the search for c 
and other fullerenes. z nav e ^ itten 3everal ^ 
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subject, as evidenced by the publications" listed in Exhibit 1 
including the first definitive and only complete review on the 
subject in Kroto, et al.. in Chemical Review iqqi si. 1213 - 
123S. I therefore believe that it is fair to say |hat t am 
among the recognized experts on the subject of fullerenes. 

3. This Declaration supplements and is not intended 
to replace the previous Declarations which were executed on 
July 27, 1995 and June 9, 1935, the contents of which are 
incorporated herein "by reference.- 

* . ■ ■ 

4. I have been requested by applicants' attorney to 

read and review the above-identified application, i.e.. usstf 
08/236,933 and the pending claims therein- In addition/ I have 
been, requested by applicants' attorney to comment on my 
understanding of the terms "macroscopic amounts" as applied to 

v t 

fullerenes, including. C 60 , in the claims and . to comment on 

* • ■ 

whether, in my opinion, the underlying specification clearly 
describes a process for making fullerenes, including C 60 , in 
macroscopic amounts without an undue amount' of experimentation. 

5. . As requested, I have read and reviewed the above- 
identified application, including the pending claims in the 
above -identified application. It is my understanding that the 
claims in the above identified application are directed, among 

other things, to a process of producing C fis in macroscopic 
amounts, - 

6. I have been advised that there is a companion 
application, USSN 486,659, on file in the United S tabes Patent 
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and Trademark Office. I have been advised that, except for the 
claims, the disclosure in the '669 application is identical to 
that of the above- identified application. I have also reviewed 
the pending claims related thereto. It is my Understanding 
that these claims are directed, among other things, to a 
process for making fullerenes in macroscopic amounts. 

7. I have also been advised of the existence of two 
more applications, namely USSN 580.246 and U3SN 471,830.' It is 
my understanding that the former application is directed to. 

* * * * * " • 

among other things. C 6B in macroscopic amounts, while the 
latter is directed to, among other things, fullerenes in 
macroscopic amounts. It is also my understanding that, except 
for the claims, the respective specifications are not only 
identical, but also are identical to. the specif ication of the 
above -identified application. 

8. It is my opinion that the above- identified 
specification describes the preparation of fullerenes, 
including, for example, c M . in macroscopic amounts. This is 
based upon my understanding of the application and my 
repetition of the procedure described in the underlying 
application for producing fullerenes. including C £a , and 
isolation thereof in macroscopic amounts. 

S- It is my opinion that the term "macroscopic 
amounts- as used in the claims is clearly understood by the 
ordinary skilled artisan. It is my understanding that the term' 
is being used in its plain and ordinary meaning to connote that 
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the process describe i n the underlying specification produces 
fullerenes. including, £ or example. c„. in amounts W hich can 
be seen easiiy wlUl a. naJced eye . This ^ ^ 

definitions of "macroscopic", as defined iJ the McGraw sill 
Dictionary of Scientific and Technical Terms, 4- ed. . p. al25 , 
where it is defined as "large enough to be observed by' 
the naked eye. - and in Hackh's Chemical Dictionary, 4" a d., 
wherein it defines macroscopic as describing "objects .visible 

to the naked eye. 11 

* . .. * ■ • * ■ • ■ 

10- "Fullerenes", in my opinion, is a term of art 
that is. also widely understood by the scientific community; it 
was adopted to conveniently describe the family of caged carbon 
molecules represented by c i9 . See, e.g.. the section entitled 
"Fullerene" in the Concise Encyclopedia of science and 
.Technology., 3« ed. , Sybil p. Parker, ed, , McGraw Kill, NY, NY, 
P. 81S (1994) . attached hereto as Exhibit 2. This section. ' ' ■ ' 
which was written by me, describes fullerenes as an-even number 
of carbon atoms arranged in a closed hollow cage, and 
specifically exemplifies fullerene- SO, or C sa , as a species of 
fullerenes. However, there are other species of fullerenes, ' 
and many of those can and have been prepared by the process 
described in the above^ identified specification. 

U. The. above-identified application describes in 
great detail the process for producing fullerenes, including 
C sa . .As an example thereof, attention is directed to Example 1 
on Page IS of the abo Ve - identified application which describes 
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a process for making fullerenes. including C £0 , by (1) 
vaporizing graphite rods in a conventional ball jar evaporator 
in the presence of an inert quenching gas, e.g., helium or 
argon, to produce carbon smoke; (2) collecting the smoke 
formed; (3) then extracting the fullerenes, including C fi0 , 
using benzene, or other inert solvent; (4) then, after 
evaporating the solvent, subliming the impure product; and (5) 
then collecting, the sublimed product. 

12. The specification on Pages 3-8 describes a more 
general process for preparing fullerenes, including C ca , and 
describes other means for extracting fullerenes, including C sa 

- from the smoky carbon product, including sublimation and the 
use of other non -polar solvents to extract the fullerenes, 
including C so , from the smoky carbon product. ' 

13. It is my opinion that a person of ordinary skill 

• . ♦ * * ■ # • , * ' * . 

in the art in 1990 reading the specification would understand 
the specification to be directed to the class of carbon 
structures that have come to be commonly referred to as " 
fullerenes. There is no question that the specification 
describes, among other things, C sa and c 70 , which are designated 
as fullerene-60 and fullerane-70, respectively. These are 
species of fullerenes, and the skilled artisan would comprehend 
that the specification is directed to fullerenes. Moreover, 
spectral data, especially mass spectra data of the smoky carbon 
product produced from the vaporization of the elemental carbon 
in tha inert quenching gas, in accordance with the procedure 
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described in the above- identified application, reveals that the 
smoky carbon product contains other species of fullerenes; 
although not in the abundance of fullerene-60 or fu.llerene-70 
nevertheless, collectively in macrojscopic amounts in the soot. 
Moreover, at the time of September 1990. various other hollow 
cag-ed species containing solely carbon atoms, now known as 
fullerenes, had been postulated. So even if not specifically 
mentioned in the application, these other species of fullerenes 
were- inherently .present in the carbon soot produced by the. 
process described in the -underlying application - - a fact 
verified by experimentation. Consequently, it is my opinion 
that the ordinary skilled artisan in 1990 would understand that 
the .above- identified specification is directed to, among other 
things, a process for making fullerenes, including C 6a . 

• * » 

14. Moreover, it is my opinion that the ordinary 

* * ■ * » • * • ■ * 

skilled artisan in September 1990 reading the specif ication 
would understand that the teachings therein were applicable for 
preparing and isolating not only C fia and C 7Q , but also other 
fullerenes without an undue amount of experimentation. Thus, 
the above -identified application paves - the road for preparing 
and isolating other fullerenes species without an undue amount 
of experimentation. 

15- Moreover, the specification provides evidence in 
several instances that the inventors had produced the fullerene 
products, including C fifl , in macroscopic amounts. For example, 
attention is directed to Example 1 which describes the product 
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thereof in powder form as brownish -red. -Such language 
connotes, in my opinion, that" the product thereof could be seen 
with the naked eye. Moreover, based upon repetition of the 
process described therein, as described hereinbelow, the 
process as described in the above -identified application, 
especially in Example 1, inherently produces fullerenes, e.g., 
C so , in amounts that could be seen with the naked eye. 

.-IS. Moreover, these concepts discussed in Paragraphs 

• ' * . • * ■ 

13-15 are clearly corroborated when' the ordinary skilled 
artisan repeats the procedures described in the above- 
identified specification for preparing the fullerenes. 

17. Utilizing the procedure, exactly as described in 
the above-identified application, 1 have had fullerenes, 
including c so , prepared in macroscopic amounts on numerous 
occasions since 1990 to the present. More specifically, by 
following the procedure described in the above -identified - 
application and vaporizing graphite rods in- an atmosphere of 
helium, forming the carbon soot therefrom, collecting the soot 
and dissolving the soot in benzene, in accordance with the 
procedure described in the above- identified application. I and " 
my colleagues have prepared and identified various fullerenes, 

including, inter alia c, e r r « , /" 

' — ■ 1 — ' u *<" to ' C 76 , c 78 , c 84 and c af . C^J 

18. Moreover, by following the procedure described 
in the above -identified application, and in accordance with the 
procedure outlined in Paragraph 17 herein^ntve isolated J \Q 
fullerenes in macroscopic .mom^, as defined herein. For ' 
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example, utilizing the procedure outlined .in Paragraph 17, i 

have found that the smoky carbon product contains 5 to 10% c 
and 1% C 7C . We routinely produce the soot in 1-5' gram 
quantities and routinely extract 100-500 milligram amounts 
batchvise. Thus, one kilogram of sooty carbon product 

produces, on average, lOOg of C 60 , lOg of C 70 and 1 gram of 

other fullerenes, such as those indicated hereinabove. The 

various fullerenes formed can and are isolated in accordance 

... ■ ■ 

with the isolation and purification procedures described in the 
above- identified application,, without an undue amount of 
experimentation. Furthermore, the various fullerenes are 
isolated as solids, which are easily visible to the naked eye. 
For example, in a typical experiment conducted according to the 
procedure described in the above- identified application C is 
formed in about 100 mg quantities C 70 in about 10 mg quantities 

* * 

and the remainder in about 1 mg quantities. 

19. Thus, by following the procedure described in 

the above- identified application, I have found that the process 
described therein inherently produces several species of 
fullerenes, including C sa , in macroscopic amounts. In fact', by 
following. the procedure. of Kratschmer and Huffman, outlined in 
the abov« identified application, crystalline material of 
fullerenes, including C So , is produced which can be seen with 
the naked eye. 

20. Moreover, there is additional evidence to 
support the statements made in Paragraph 19. 
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21. Attention is directed to an article by 
Kratschmer, et a 1 . in Nature , 347, No. 6391, pp. 354-35S 
(1990), attached hereto as Exhibit 3. It was the first 
publication that descrijbes the preparation and isolation of 
macroscopic amounts of a compound, e.g,, C- 0 and C 70 , having the 
fullerene structure. 

22. It is interesting to note there are over 3,390 
publications, referring to their Nature article- Only a handful 

• . . ■ * 

of papers in some fifty years of science receive this number of 

. * * * ** 

citations, it is apparent that the Nature- article has been 

cited an innumerable number of times because various scientists 

have followed the procedures described therein to successfully 

j 

produce macroscopic quantities of fullerenes, including C^ 0 . 
The fact that several thousand publications reference the 
Nature article for preparing fullerenes' adds further support 

■ * * ■ 

that the procedure described in the Nature article and thus the 
present specification provides sufficient information for the 
skilled artisan to generally make macroscopic amounts of 
fullerene, including C €Q , without an undue amount of 
experimentation. ^ Moreover, it is also attributable to the due 
recognition by the scientific community of Kratschmer 1 s and 
Huffman's claim to have originated this method of production. 

23. The realization by Huffman and Kratschmer of 
macroscopic quantities of fullerene and the isolation and" 
characterization of C 6fl and C 70 by the methods described in the • 
above- identified application is recognized by the knowledgeable 
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scientific community as a long awaited and much needed 
breakthrough; it was surprising that relatively high yields of 
fullerene such as C fi0 could be achieved by these methods, as it 
was generally expectjed that infinitesimal amounts of fullerenes 
would exist in the soot product and that it would require very 
sophisticated equipment to isolate quantities of material 
required to establish and conf irro the existence of the 
products. The difficulties that. existed in the quest -for C 
are well elaborated in the article entitled "Fullerenes" by 
Robert F." Curl and Richard E. Smalley/ printed in Scientific 
American , Oct. 1991, pp. 54-62 attached hereto as Exhibit 4. 

24. Although the discovery described in the. Huffman 
and Kratschmer application may seem simplistic to the 
uninformed, especially in hindsight, their discovery was quite 
. remarkable. The Kratschmer- and Huffman method described in the 
above -identified application is all the more remarkable for the 
fact that so simple a procedure so readily, produces large 
amounts of fullerenes. This is readily appreciated if one 
considers the historical perspective. Even since the detection 
of. C S0 by the collaborative efforts of the Smalley and Kroto 
groups in 1985. as described in the article in Nature , 1985 , 
318, 162-163, attached hereto as Exhibit 5, experts, such as 
Drs. Smalley and myself, both together and separately worked, to 
prepare fullerenes on a larger scale. For five long years", 
many attempts were tried, but each was unsuccessful. Finally, 
to my expert knowledge, one group, Huffman and Kratschmer, was 
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the first to find and publish a methodology capable of 
producing and isolating fullerenes, such as C 6a , in macroscopic 
amounts. This methodology is described in their application 
and satisfied a ]|ong felt need in this area. 

25. Furthermore, one should not underestimate the 
significance of their discovery- For the first time, 
scientists were able to produce and work with samples of 
fullerenes. They were able to confirm the theoretical 
prediction about fullerenes and continue to explore new 


properties of same. Their discovery spawned enormous 
scientific interest, as evidenced by the 339 0 citations to the 
Nature article in Exhibit 1 for making fullerenes. As a 
consequence, innumerable investigations and studies relating to 
fullerenes were conducted, generating several thousand 
publications on the subject. In short, I cannot emphasize 
enough that their discovery revolutionised the area of " ( 
fullerenes by making it possible for experimental researchers 
worldwide to study their chemical and physical properties. 

25, The scientific community has unanimously and 
unequivocally acknowledged and recognized that Kratschmer and • 

* * * 

Huffman have developed a process for preparing fullerenes, 
e.g./ C fiQ , in macroscopic amounts, and in consequence thereon 
bas presented them with several awards. Even the press release 
by the Royal Swedish Academy of Sciences regarding the Nobel 
Prize in Chemistry in 1936, attached hereto as Exhibit 6, 
recognizes the contribution of Huffman and Kratschmer by 
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_„_ y , Xia( _ UJiey Ior cne tlrst tirae produced ,. i30lable 

quantities of C So ». ( See Page 2 of Exhibit ff) . As stated in 
the press release; 

A Ct,hev obtained a mixture of c„ 
and q, tf> the structures of which could be 
determined... The way was thus open for 

^ Y tt g the chemica l Properties of c sa 
and other carbon clusters such as c, c 
c„ and C 34 ...An entirely new branch of 

such diverse areas as astrochemistrv, 
superconductivity and materials 
chemistry/physics... 

27-- Thus, in my opinion, there is' no reasonable 
.doubt that the above.identified application describes a process 
for preparing fullerenes, including c Sfl . in macroscopic counts 
and the process described therein provides sufficient detail 
for an ordinary skilled artisan in 1390 to make the same 
without an undue amount of experimentation. 

28 . I have reviewed pages 2-4 of the Office Action 
issued in the above- identified application and in DSSN 
In the Office Action in the above- identified application, the- 
Office Action equates tonnage quantities with' the term 
"macroscopic-. lt is my opilllon fchat such ^ 

unjustified, since the skilled artisan would not equate 
"macroscopic amounts" with tonnage quantity. A s defined " 
hereinabove, macroscopic counts is that amount which can be 

seen by the naXed eve As «v™i = j„..> v. • . 

eye. As explained hereinabove, by following 

the procedure described in the application, macroscopic a,™ 
.«* SuUerenes. including c,„, axe obtained, m <a= t . , Iim " 
entities are routinely available by the Kratschmer and 
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Huffman method described in the above - i den* 


3 


which amounts are in macroscopic amounts in accordance with the 
standard use . of that term- Moreover, it is my opinion that the 
embodiment jLn the above- identified application can be modified 
without an undue amount of experimentation to produce 
fullerenes, including C 60 , in a continuous process. 

29. In DSSN 486,669, the Office Action alleges that 

the application does not describe nor provide sufficient 

■ . . . 

information to permit one skilled in the art to easily produce 
caged carbon molecules ' consisting' solely of carbon atoms which 
are soluble in non-polar organic solvents. I disagree 
absolutely and totally. In my opinion, the term "caged carbon 
molecules consisting solely of carbon atoms which are soluble 
in non-polar organic solvents" uniquely describes fullerenes, 
and as indicated hereinabove, it- is my opinion that the 
application describes' 'th'6 preparation of macroscopic amounts of 


fullerenes. 


30 


I further declare that all statements made 


herein of my own knowledge are true and tliat all statements 
made on information and belief are believed to be true,, and 
further that these statements were made^ vith the knowledge that 
willful false statements and the lilce so make are punishable by 
fine or imprisonment or both under section 1001 of Title 18 of 
the United States Code and that" such willful false statements 
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. validity of the application or any patent 

may j eop^^^^ 5 - ■ _ 

issued. thereon. 


DATE 



HAS 


W. KROTO, PH.D. 


* i 
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CURRICULUM VITAE I 

Prnfoccnr ^Ir Mair>M V CDC D I C/-»*-'r-.K» D«ce»^rr*h Prnfoecrtf 

The School of Chemistry, Physics and Environmental Science, 
The University of Sussex, Brighton, BN1 9QJ, UK 

Tel 01 273 678329 desk 

01 273 60675S Univ 
Fax 01 273 677196 dept 

email lcroto@sussex.ac.uk 

Born 7th Oct 1939 Wisbech, Cambridgeshire, England. 
Education 

1947-58 Bolton School, Bolton, Lancashire. 

1958-61 BSc, Sheffield, 1st class honours degree (Chemistry) 

1961-64 PhD, Sheffield, Electronic Speczroscopy of Unstable Molecules; Supervisor: R N Dixon 

1 964- 65 PDF, NRC (Ottawa) with D A Ramsay 

1 965- 66 PDF, NRC (Ottawa) with C C Costain 

1966- 67 Memb. Tech. Staff, Bell Laboratories, Murray Hill, NJ (with Y H Pao, and D P Santry) 
University Career (University of Sussex 1967- ) 

1967- 68 (Tutorial Fellow); 1968-78 (Lecturer); 1978-85 _ (Reader) 
1985-91 (Professor); 1991- (Royal Society Research Professor) 


Awards 

1981-82 Tilden Lecturer (Royal Society of Chemistry) 

1 990 Elected Fellow of the Royal Society 

1991- Royal Society Research Professorship 

1992 International Prize for New Materials 


(American Physical Society/IBM, with R F Curl and R E Smalley) 
Italgas Prize for Innovation in Chemistry 
University Libre de Bruxelles (DHQ 
University of Stockholm (PhDHQ 
Longstaff Medal 1993 (Royal Society of Chemistry) 
Academia Europaea (Member) 


1 993 University of Limburg(DHC) 

1994 Hewlett Packard Europhysics Prize 

(with D R Huffman, W Kratschmer and R E Smalley) 
Moet Hennessy"Louis Vuitton Science pour VArt Prize 

1 995 University of Sheffield (Hon Degree) 

University of Kingston (Hon Degree) 

1996 Knighthood, Nobel Prize for Chemistry (with R F Curl and R E Smalley) 

1997 University of Sussex (Hon Degree) 

University of Helsinki (DHQ 

£ xtra-un iversi ry administration 

SRC Millimetre Wave Telescope Sub-Committee 1 977-81 

SERC Millimetre Wave Telescope Users'Committee 1981-85 

SERC Physical Chemistry Subcommittee 1987-90 

SERC Synchrotron Radiation Facility Commirtee 1987-90 

SERC Chemistry Committee 1988-91 

IAU Sub-group on Astrophysical Chemistry 1987- 

MBI Advisory Board of the Max Born Institute (Berlin) 1993- 


RESEARCH 

Main research areas: 

I Spectroscopy of Unstable Species and Reaction Intermediates 

(Infrared, Photoelectron, Microwave and Mass Spectrometry) 

II Cluster Science 

(Carbon and Metal Clusters, Microparticles, Nanofibres) 

III Fullerenes 

(Chemistry, Physics and Materials Science) 

IV Astrophysics 

(Interstellar Molecules and Circumstellar Dust) 

Research Highlights: , , 

a) Synthesis in 1976 of the first phoaphaalkenes (compounds containing the free carbon phosphorus 
double bond) in particular CH 2 =»PH (with N P C Simmons and J F Nixon, Sussex), Refs 1,7. 

b) Synthesis in 1976 of the first analogues of HCP, the phosphaalkynes which contain the carbon 
phoshorus triple bond - in particular CH 3 CP (with N P C Simmons and J F Nixon, Sussex), Refs 2,7. v 

c) The discovery (1976-8) of the cyanopolyynes, HC n N (n- 5,7,9), in interstellar space (with D R M 
Walton A J Alexander and C Kirby (Sussex) and T Oka, L W Avery, N W Broten and J M MacLeod 
(NRC Ottawa)), Ref 4-6, based on microwave measurements made at Sussex, Refs 3,7. 

d) The discovery of C 60 : Buckminsterfullerene in 1985 (with J R Heath, S C O'Brien, R F Curl and R E 
■ Smalley), Refs 8,13,15. 

e) The detection of endohedral metallofullerene complexes (with J R Heath, S C O'Brien, Q Zhang, Y 
Liu, R F Curl, F K Tinel and R E Smalley), Ref 9 

fl The prediction that C 60 should be produced in combustion processes and might indicate how soot is 
formed (with Q L Zhang, S C O'Brien, J R Heath, Y Liu, R F Curl and R E Smalley) Ref 1 0 

g) The explanation of why C 70 is the second stable fullerene (after C 60 ) and the discovery of the 
Pentagon Isolation Rule as a criterion for fullerene stability in general (Refs 11,13,15) 

h) The prediction of the tetrahedral structure of C 28 and the possible stability of "tetravalent" derivatives 
such as C28H4 Refs 1 1,15. 

i) The prediction that giant fullerenes have quasi-icosahedral shapes and the detailed structure of 
concentric shell graphite microparticles (with K G McKay), Refs 12,13. 

i) The mass spectrometric identification and solvent extraction (with J P Hare and A Abdul-Sada) of C 60 
from arc processed carbon in 1990 - independently from and simultaneously w.th the 
Heidelberg/Tucson group; Refs 14,15: 

k) The chromatographic separation/purification of C 60 'and C 70 and 13 C NMR measurements which 
provided unequivocal proof that these species had fullerene cage structures (w.th J P Hare and R 
Taylor, Sussex), Refs 14,15. 


1 > 


Meetings (director, organiser or co-orgnaisor) 

Brioni International Conferences 1988, 1990, 1993, ... 
Royal Society Discussion Meeting 1992 
Fullerene Symposium 1993 (Santa Barbara) 
Cursos de Verano (EI Escorial) Fullerenos 1994 

Editorial Boards 

Chemical Sociev/ Reviews 1986- (Chairman 1990-) 
Zeitschrik fur Physik D (Atoms Molecules and Clusters) 1992- 
Carfaon (1992-) 

]. Chem. Soc Oiem. Comm. (1 993-) 
Research Details 


University of Sheffield 

1961-64 PhD in Free radical spectroscopy by flash photolysis 

National Research Council 

1964- 65 Free radical spectroscopy by flash photolysis 

1965- 66 Microwave Spectroscopy 

Bell Telephone Laboratories 

1966- 67 Raman Spectroscopy of Liquids, Quantum Chemistry 
University of Sussex 

1967- 72 - Free radical spectroscopy/flash photolysis 
1967-73 Liquid phase interactions/Raman Spectroscopy 
1970- Unstable species/Microwave Spectroscopy 
1972-90 Unstable species/Photoelectron Spectroscopy 
1976- Interstellar Molecules/Radioastronomy 

1 983-90 Unstable species/Fourier Transform IR Spectroscopy 

1 985- Cluster Studies/Carbon, Metals 

1990- Fullerene Chemistry, Carbon nanostructures 

Temporary Appointments (Visiting Professorships etc) 

1 974 Visiting Associate Professor, UBC Vancouver (3 months) 

1 976 Visiting Scientist, NRC Ottawa (3 wks) 

1 978 Visiting Scientist, NRC Ottawa (3 wks) 

1981 Visiting Professor, USC (3 months). 

1983 British Council Visitor, Inst Rudjer Boskovic (Zagreb) 

1987 CNRS (1 month) Univ Paris Sud (Orsay) 

1 988- Visiting Professor UCLA (Astronomy) 

1 996 Senior Visiting Research Fellow (UC Santa Barbara) " 


Extramural Activities 
Sport 

Tennis and Squash for Sheffield University (1959-1964). 
University Athletics Union Finalists -Tennis (1962 and 1963) 
President of Athletics Council, Sheffield University (1 963-64) 

Television Film 

Chairman of Board of VEGA SCIENCE TRUST 

Executive producer of seven 1-hour Television Films of Royal Institution Discourses for 
Vega/BBCFocus 

Graphic Art and Design 

Art Editor Arrows Sheffield University Arts Magazine 1962-64 


PUBLICATIONS 


240 research papers; book "Molecular Rotation Spectra" (Wiley 1975 - reprinted with a new preface Dover 
1992) ' - 

Key Publications 
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Diagram of a typical aircraft fuel system. 


usually such that all the fuel supply will pass to the engines by 
"of the main tank, which is refilled as necessary from the aux- 
j tanks. In case of emergency, the system selector valve may 
Connect the auxiliary tanks to the engines directly. [F.C.M./J AB.| 

Fugacity A function introduced by G. N. Lewis to facilitate 
^application of thermodynamics to real systems. Thus, 
fugacities are substituted for partial pressures in the mass 
*on equilibrium constant expression, which applies strictly 
(y to the ideal case, a true equilibrium constant results for 
systems as well. 

he fugacity / ( of a constituent i of a thermodynamic system 
:defined by the following equation (where u., is the chemical 

u, i = u./ + /?Tin/ f 

potential and u*,* is a function of temperature only), in combina- 
*"~ with the requirement that the fugacity approach the partial 
sure as the total pressure of the gas phase approaches zero, 
ta given temperature, this is possible only for a particular value 
!LP- r *. which may be shown to correspond to the chemical 
itenrJal the constituent would have as the pure gas in the ideal 
estate at 1 atm pressure. This definition makes the fugacity 
-itical to the partial pressure in the ideal gas case. For real 
fgs, the ratio of fugacity to partial pressure, called the fugacity 
Sgerncient, will be close to unity for moderate temperatures and 
Insures. At low temperatures and appropriate pressures, it may 
J&as small as 0.2 or less, whereas at high pressures at any tern- 
nature it can become very large. See Activity (thermodynamics); 

V'B'QCAL EQUIUBRIUM; CHEMICAL THERMODYNAMICS; GaS. [PJ.B.j 

: . v i ' - 

"£j- u " eren © A molecule containing an even number of carbon 
.Jjtorns arranged in a closed hollow cage. The fullerenes were 
g*^yered as a consequence of astrophysically motivated 
^jncal physics experiments that were interpreted by using 
jgttesic architectural concepts. Fullerene chemistry, a new 
that a Ppears to hold much promise for materials develop- 
ment and other applied areas, was bom from pure fundamen- 
^ science. See Carbon. 

% fifteen years after it was conceived theoretically, 

molecule buckminsterfullerene (C 0 or fullerene-60) was 
Havered serendipitously. Fullerene-60 (see illustration) is the 
Oa i 1 member of the Serenes, a set of hollow, closed- 
r*Se molecules consisting purely .of carbon. -The fullerenes can 

^f C ° n J , , ered ' after graphite and diamond, to be the third well- 
^'med allotrope of carbon. 


Fullers earth 819 

In the fullerene molecule an even number of carbon atoms 
are arrayed over the surface of a closed hollow cage. Each 
atom is trigonally linked to its three near neighbors by bonds 
that delineate a polyhedral network, consisting of 12 pen- 


tagons and n hexagons. Ail pO atoms in fullerene-60 are equiv- 
alent and lie on the surface of a sphere distributed with the 
symmetry of a truncated icosahedron. The 12 pentagons are 
isolated and interspersed symmetrically among 20 linked hexa- 
gons; that is, the symmetry is that of a modern soccerball. The 
molecule was named after R. Buckminster Fuller, the inventor 
of geodesic domes, which conform to the same underlying 
structural formula. Three of the four valence electrons of each 
carbon atom are involved in the sp 2 sigma-bonding skeleton, 
and the fourth p electron is one of 60 involved in a pi-delocal- 
ized molecular-orbital electron sea that covers the outside (exo) 
and inside (endo) surface of the molecule. The resulting cloud 
of pi electron density is similar to that which covers the surface 
of graphite; indeed, the molecule can be considered a round 
form of graphite. See Electron conrguration; Graphite. 

Fullerene-60 behaves as a soft electrophile, a molecule that 
readily accepts electrons during a primary reaction step. It can 
accept three electrons readily and perhaps even more. The mol- 
ecule can be multiply hydrogenated, methylated, ammonated, 
and fluorinated. It forms exohedral complexes in which an atom 
(or group) is attached to the outside of the cage, as well as endo- 
hedral complexes in which an atom [for example, lanthanum 
(La), potassium (K), or calcium (Ca)] is trapped inside the cage. 



Structure of C„ (buckminsterfullerene). 


Fullerene materials have been available for such a short time 
that applications are yet to be established. However, the prop- 
erties already discovered suggest that there is likely to be a 
wide range of areas in which the fullerenes or their derivatives 
will have uses. 

Fullerene-60 was discovered as a direct result of physico- 
chemical investigations that simulated processes occurring in 
stars and in space. Consequently the likelihood that fullerenes, 
in particular fullerene-60, and analogs are present in space is a 
fascinating conjecture. (H.W.K.I 

Fuller's earth Any natural earthy material (such as clay 
materials) which decolorizes mineral or vegetable oils to a suffi- 
cient extent to be of economic importance. It has no miner- 
alogic significance. The clay minerals present in fuller's earth 
may include montmorillonite, attapulgite, and kaolinite. 
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Solid C 60 : a new form of carbon 


1*/ U - % JL± 1 * i ii r\ i i_+ ir r-^_x: 

it. rxrdi^cumer , Lowen u. Lamo , n. rosurupauius 

& Donald R. Huffman 1 

* Max-Planck-institut fur Kernphysik, 6900 Heidelberg. PO Box 103980, Germany 
t Department of Physics. University of Arizona. Tucson, Arizona 85721. USA 


BEST AVAILABLE COPY 


A new form of pure, solid carbon has been syn- 
thesized consisting of a somewhat disordered 
hexagonal close packing of soccer-ball-shaped C 60 
molecules. Infrared spectra and X-ray diffraction 
studies of the molecular packing confirm that the 
molecules have the anticipated 'fullerene' struc- 
ture. Mass spectroscopy shows that the C 70 
molecule is present at levels of a few per cent. 
The solid-state and molecular properties of C 60 
and its possible role in interstellar space can now 
be studied in detail. 


Following the observation that even-numbered clusters of 
carbon atoms in the range C 30 -C 10 o are present in carbon 
vapour 1 , conditions were found 2 " 4 for which the C M molecule 
could be made dominant in the large-mass fraction of vapourized 
graphite. To explain the stability of the molecule, a model was 
proposed of an elegant structure in which the carbon atoms are 
arranged at the 60 vertices of a truncated icosahedron, typified 
by a soccer ball. The structure, dubbed buckminsterfullerene 2 
because of its geodesic nature, has been the subject of several 
theoretical stability tests 5,6 and has been discussed widely in the 
literature. Calculations of many physical properties have been 
made, including electron energies 7 " 9 , the optical spectrum 9 , 
vibrational modes 10 " 15 , and the electric and magnetic 
properties 16 * 17 . There has been speculation on the possible 
chemical and industrial uses of (ref. 2), and on its importance 
in astrophysical environments 18 * 20 . Until now, it has not been 
possible to produce sufficient quantities of the material to permit 
measurement of the physical properties, to test the theoretical 
calculations, or to evaluate the possible applications. 

Some of us have recently reported evidence 21 '" for the pres-* 
ence of the C 60 molecule in soot condensed from evaporated 
graphite. The identification was based primarily on the observed 
isotope shifts of the infrared absorptions when l2 C was replaced 
by l3 C, and on comparison of the observed features with theoreti- 
cal predictions. The measured infrared and ultraviolet absorp- 
tion bands were superimposed on a rather large continuum 
background absorption from the graphitic carbon which com- 
prised **95% of the sample. Here we report how to extract the 
carrier of the features from the soot, how to purify it, and 
evidence that the material obtained is in fact primarily C^. 

Method of production 

The starting material for our process is pure graphitic carbon 
soot (referred to below as simply soot) with a few per cent by 
weight of C 60 molecules, as described in refs 21, 22. It is produced 
by evaporating graphite electrodes in an atmosphere of 
— 100 ton of helium. The resulting black soot is gently scraped 
from the collecting surfaces inside the evaporation chamber and 
dispersed in benzene. The material giving rise to the spectral 
features attributed to C^o dissolves to produce a wine-red to 
brown liquid, depending on the concentration. The liquid is 
then separated from the soot and dried using gentle heat, leaving 
a residue of dark brown to black crvstalline material. Other 
non-polar solvents, such as carbon disulphide and carbon tetra- 
chloride, can also dissolve the material. An alternative con- 



FIG. 1 Transmission micrograph of typical crystals of the Cgo showing thin 
platelets, rods and stars of hexagonal symmetry. 


centration procedure is to heat the soot to 400 °C in a vacuum 
or in an inert atmosphere, thus, subliming the C 60 out of the 
soot ( W. Schmidt, personal communication). The sublimed coat- 
ings are brown to jgrey, depending on the thickness. The refrac- 
tive index in the near-infrared and visible is about two. To purify 
the material, we recommend removing the ubiquitous hydrocar- 
bons before the concentration procedure is applied (for example, 
by washing the initial soot with ether). Thin films and powder 
samples of the new material can be handled without special 
precautions and seem to be stable in air for at least several 
weeks, although there does seem to be some deterioration with 
time for reasons that are as yet unclear. The material can be 
sublimed repeatedly without decomposition. Using the 
apparatus described, one person can produce of the order of 
100 mg of the purified material in a day. 

Studies by optical microscopy of the material left after 
evaporating the benzene show a variety of what appear to be 
crystals — mainly rods, platelets and star-like flakes. Figure 1 
shows a micrograph of such an assemblage. All crystals tend to 
exhibit six-fold symmetry. In transmitted light they appear red 
to brown in colour; in reflected light the larger crystals have a 
metallic appearance whereas the platelets show interference 
colours. The platelets can be rather thin and are thus ideally 
suited for electron-diffraction studies in an electron microscope 
(see the inset in Fig. 3). 

Mass spectroscopy 

The material has been analysed by mass spectrometry at several 
facilities. All mass spectra have a strong peak at mass 720 a.m.u., 
the mass of C 60 . Significant differences in the spectra occur only 
at masses lower than 300 a.m.u. Most of these differences seem 
to' originate from the different ionization techniques and in the 
different methodsof desorbing molecules from the sample. Mass 
spectra recorded at low and high resolution are shown in Fig. 
2. The spectra were obtained using a time-of-fiight secondary-ion 
mass spectrometer 3 and a G^-^o^ed stainless-steel plate. In 
the mass range above 300 a.m.u., the spectrum is dominated by 
C o0 ions and its fragments (even-numbered clusters of atomic 
carbon), and C 7Q ions. In this samoie. the ratio of Ci 0 to C o0 is 
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FIG. 2 Low-resolution (top) and high-resolution time-of-flight 
mass spectra of positive ions obtained from coatings of solid 
Cgo. A 5-keV Ar* ion beam was used to sputter and ionize 
the sample. The isotope pattern (bottom) is approximately 
that expected for molecules composed of and 13 C 
isotopes of natural abundance. 
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—0.1. The high-resolution mass spectrum shows approximately 
the expected isotope pattern for C 60 . The increasing background 
in the low-resolution mass spectrum is not produced by the 
sample — such backgrounds also occur in blank measurements 
on uncoated stainless-steel substrates. 

So far, the cleanest mass spectra have been obtained when 
the material was evaporated and ionized in the vapour phase 
by electrons. In such spectra the low-mass background is sub- 
stantially reduced and the entire mass spectrum is dominated 
by Qo ions and its fragments. The ratio of C 70 to Qo in these 
mass spectra is —0.02 and seems to be smaller than that shown 
in Fig. 2. Both ratios are of the order of those reported from 
laserrevaporation experiments 2,3 . We assume, as previously sug- 
gested 24 , that the C 70 molecule also has a closed-cage structure, 
either elongated 24 or nearly spherical 23 . Further details of the 
mass spectroscopy of the new material will be published else- 
where. 

Structure 

To determine if the Qo molecules form a regular lattice, we 
performed electron and X-ray diffraction studies on the 
individual crystals and on the powder. A typical X-ray diffrac- 
tion pattern of the C 60 powder is shown in Fig. 3. To aid in 
comparing the electron diffraction results with the X-ray results 
we have inset the electron diffraction pattern in Fig. 3. From 
the hexagonal array of diffraction spots indexed as shown in 
the figure, a d spacing of 8.7 A was deduced corresponding to 
the (100) reciprocal lattice vector of a hexagonal lattice. The 


most obvious correspondence between the two types of diffrac- 
tion is between the peak at 5.01 A of the X-ray pattern and the 
(110) spot of the electron diffraction pattern, which gives a 
spacing of —5.0 A. Assuming that the Qo molecules are behav- 
ing approximately as spheres stacked in a hexagonal close- 
packed lattice with a c/a ratio of 1.633, d spacings can be 
calculated. The results are shown in Table 1. The values derived 
from this interpretation are a = 10.02 A and c= 16.36 A. The 
nearest-neighbour distance is thus 10.02 A. For such a crystal 
structure the density is calculated to be 1.673 g cm" 3 , which is 
consistent with the value of 1.65 ± 0.05 g cm" 3 determined by 
suspending crystal samples in aqueous GaCI 3 solutions of 
known densities. Although the agreement shown in Table 1 is 
good, the absence of the characteristically strong (101) diffrac- 
tion of the hexagonal close-packed structure, and the broad 
continuum in certain regions suggest that the order. is less than 
perfect. Further, X-ray diffraction patterns from carefully grown 
crystafs up to 500 u.m in size with well developed faces. yielded 
no clear spot pattern (in contrast to the electron diffraction 
pattern on micrometre-sized crystals). It therefore appears that 
these larger crystals do not exhibit long-range periodicity in all 
directions. 

A likely explanation for these facts lies in the disordered 
stacking of the molecules in planes normal to the c axis. It is 
well known that the positions taken by spheres in the third layej 
of stacking determines which of the close-packed structures 
occurs, the stacking arrangement in a face-centred cubic struc- 
ture being ABCABC . . . whereas that in a hexagonal close- 
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RG. 3 X-ray diffraction pattern of a microcrystailine powder 
of Cqq. Inset (upper left) is a single -crystal electron diffraction 
pattern indexed with Miller indices compatible with the X-ray 
pattern. The pattern is from a thin platelet such as those in 
Fig. 1 with the electron beam perpendicular to the flat face. 
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TABLE 1 X-ray diffraction results 


Measured 26 
(deg) 

10.2 shoulder 
10.81 

17.69 

20.73 

21.63 " 

28.1 

30.8 

32.7 


Measured 

d spacing 
» 1 » 

8.7 
8.18 


5.01 
4.28 
4J.1 
3.18 
2.90 
Z74 


Calculated 
d spacing 

8.63 
8J.8 
7.68 
5.01 
4.28 
4.09 
3.17 
2.90 
Z73 


Assignment 


\nnil 


(100) 
(002) 
(101) 
(110) 
(112) 
(004) 
(114) 
(300) 
(006) 


Assignments for a hexagonal lattice using a = 10.02 A, c = 16.36 A. 

packed structure is ABABAB ... If the stacking sequence varies, 
the X-ray lines owing to certain planes will be broadened by 
the disorder whereas other lines will remain sharp. Such disor- 
dered crystalline behaviour was observed long ago in the 
hexagonal close-packed structure of cobalt 26 " 28 where X-ray 
diffraction lines such as (101), (102) and (202) were found to 
be substantially broadened by the stacking disorder. Reflections 
from planes such as (002) remain sharp because these planes 
have identical s pacings in the face-centred cubic and hexagonal 
close-packed structures. For the planes producing broadened 
diffraction peaks because of this kind of disorder, the following 
condition for the Miller indices (hkl) has been shown to 
apply 27,29 : h — k = 3f ± 1 (where t is an integer) and / ^ 0. None 
of these broadened reflections are apparent in the X-ray pattern 
of Fig. 3. This may explain the weakness of the characteristically 
strong (101) peak. Whether or not this stacking disorder is 
related to the presence of the possibly elongated C 70 molecule 
has yet to be determined. 

In small crystals at least, the C^o molecules seem to assemble 
themselves into a somewhat ordered array as if they are 
effectively spherical, which is entirely consistent with the 
hypothesis that they are shaped like soccer balls. The excess 
between the nearest-neighbour distance (10.02 A) and the 
diameter calculated for the carbon cage itself (7.1 A) must 
represent the effective van der Waals diameter set by the repul- 
sion of the tt electron clouds extending outward from each 
carbon atom. Because the van der Waals diameter of carbon is 
usually considered to be 3.3-3.4 A the packing seems a little 
tighter than one might expect for soccer-ball-shaped 
molecules. The reason for this has not yet been determined. 

In summary, our diffraction data imply that the substance 
isolated is at least partially crystalline. The inferred lattice con- 
stants, when interpreted in terms of close-packed icosahedral 
Qot yield a density consistent with the measured value. Further 
evidence that the molecules are indeed buckminsterfullerene 
and that the solid primarily consists of these molecules comes 
from the spectroscopic results. 

Spectroscopy 

The absorption spectra of the graphitic soot 21 * 22 showed 
evidence for the presence of in macroscopic quantities. 
Following, the purification steps described above the material 
can be studied spectroscopically with the assurance that the 
spectra are dominated by C^o, with some possible effects from 
Cj 0 , Samples were prepared for spectroscopy by subliming pure 
material onto transparent substrates for transmission measure- 
ments. Depending on the pressure of helium in the sublimation 
chamber, the nature of the coatings can range from uniform 
films (at high vacuum) to coatings of C 60 smoke (sub-micrometre 
microcrystalline panicles of solid C^o) with the panicle size 
depending to some extent on the pressure. 

Figure 4 shows the transmission spectrum of an — 2-p.m-thick 
C o0 coating on a silicon substrate. The infrared bands are at the 
same positions as previously reported 21 * 22 , with the four most 
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RG. 4 Infrared absorption spectrum of a coating. —2 \in\ thick, of solid Cgo 
on a silicon substrate, referenced to a dean silicon substrate. Apparent 
negative absorptions are due to the coating acting in part as a non-reflecting 
layer. 

intense lines at 1,429, 1,183, 577 and 528 cm" 1 ; here, however, 
there is no underlying continuum remaining from the soot. In 
many of our early attempts to obtain pure C w , there was a 
strong band in the vicinity of 3.0 p.m, which is characteristic of 
a CH-stretching mode. After much effort this contaminant was 
successfully removed by washing the soot with ether and using 
distilled benzene in the extraction. The spectrum in Fig. 4 was 
obtained when the material cleaned in such a manner was 
sublimed under vacuum onto the substrate. The spectrum shows 
very little indication of CH impurities. Vibrational modes to 
compare with the measured positions of the four strong bands 
have been calculated by several workers 10 * 13 . As noted pre- 
viously, the presence of only four strong bands is expected for 
the free, truncated icosahedral molecule with its unusually high 
symmetry. Also present. are a number of other weak infrared 
lines which may be due to other causes, among which may be 
absorption by the C 7( j molecule or symmetry-breaking produced 
(for example) by isotopes other than C in the C 60 molecule 
or by mutual interaction of the C M molecules in the solid. 
Weaker features at —2,330 and 2,190 cm" 1 , located in the vicinity 
of the free C0 2 and CO stretching modes, may imply some 
attachment of the CO-, or CO to a small fraction of the total 
number of C^o molecules. Another notable feature is the peak 
at 675 cm~\ which is weak in the thin-film substrates but almost 
as strong as the four main features in the crystals. We suspect 
that this vibrational mode may be of solid state rather than 
molecular origin. 
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FIG. 5 Visible-ultraviolet absorption spectra of two thicknesses of solid C 60 
on quartz. The caiculateo 3 positions and relative oscillator strengths for 
allowed transitions of C« 0 are shown on the bottom. 


Figure 5 shows an absorption spectrum taken on a uniform 
film coated on a quartz glass substrate. The ultraviolet features 
are no longer obscured by the graphitic carbon background as 
in our previous spectra 22 . Broad peaks at 216, 264 and 339 nm 
dominate the spectra. Weaker structures show up in the visible, 
including a plateau between —460 and 500 nm and a small peak 
near 625 nm., At the bottom of Fig. 5 we have shown positions 
and relative oscillator strengths taken from Larsson, Volosov 
and Rosen 9 calculated for the molecule. They also reported 
a variety of forbidden bands with the lowest energy ones in the 
vicinity of 500 nm. There seems to be a rough correspondence 
between our measurements on solid films and the allowed transi- 
tions predicted for the molecule. The possibility exists, however, 
that one or more of the absorption features shown in Fig. 5 are 
due to C 70 . We still do not observe a band at 386 nm in our 
films, as observed 30 using a laser depletion spectroscopy method 
and attributed to the Qo molecule. Quite similar spectra to that 
in Fig. 5 have been recorded for microcrystalline coatings 
deposited at helium pressures of lOOtorr, for example. The 
peaks occur at the slightly shifted positions of 219, 263 and 
345 nm. 

Possible interstellar dust 

The original stimulus for the work 2 that led to the hypothesis 
of the soccer-ball-shaped molecule, buckminsterfullerene, 
was an interest in certain unexplained features in the absorption 
and emission spectra of interstellar matter. These include an 
intense absorption band at 217 nm which has long been 
attributed to small particles of graphite 31 , a group of unidentified 
interstellar absorption bands in the visible that have defied 
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Remnants of a planet that failed to form. 
Still no technological fix for oil spills. 
What made higher life-forms possible? 
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Buckyball, tha third form of pure 
carbon, cages an atom in its lattice. 


± UJJL 


These cagelike molecules constitute the third form of pure 
carbon (the other two are diamond and graphite). C60, the 
archetype, is the roundest molecule that can possibly exis^ 

by Robert F. Curl and Richard E. Smalley 


In May of 1990 Wolfgang Krttsch- 
mar and his student Konatantinoa 
Fostiropculoi carefully mixed a few 
drops cf benzene with a specially pre- 
pared carben acor. The clear solvent 
turned red 

Excitedly, the two workers for the 
Max Planck Institute for Nuclear Phy- 
sics In Heidelberg telephoned their col- 
laborators, Donald Huffman and Low- 
ell Lamb of the University of Arizona 
In Tucson, who quickly repeated the 
experiment Th* excitement continued 
as the two groups communicated daily 
by telephone and fax exchanging mea- 
aurements of the material— Its Infrared 
and ultraviolet spectra, its X-ray diffrac- 
tion pattern and its mass spectrograph. 
Yes, the values all matched tboie pre- 
dicted for the 60-atnm carbon cluster 
buctaninsterfullercDe- 

Even though some theorists had ar- 
gued that this boflflw, aoccerbaU-shaped 
molecule should be detectable In abun- 
dance in such everyday circumstances 
as a candle flame, the German-Ameri- 
can team had actually found it, succeed* 
ing where all- others had failed. They 
were the first to observe this roundest 
of all round molecules, and tbey knew 
that chemistry books and er^y-lnp ^t^ 
would never bt quite the same. Now 
there were thrtt known forms of pure 
carbon: the network solids, diamond 
and graphite, and a new class of dis- 
crete molecules— the ftillerenea. 

Wbea we heard of this breakthrough 
a few months later in Texas, we cele- 
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. brated with champagne all around For 
although we had to some extent been 
scooped we had been vindicated as 
wtlL Five years earlier we had had our 
own Eureka! experience. Together with 
our colleague Harold W. Kroto of the 
University of Suaaex and our itudents 
James R. Heath and Sean C O'Brien, we 
had found that could be made in a 
uniquely stable form simply by laser* 
vaporizing graphite in a pulsed jet of 
helium. We had gone on to propose 
that this extraordinary stability could 
be explained by a molecular itructure 
having the perfect symmetry of a soc- 
cerbalL Because the architectural prin- 
ciple also underlies the geodesic dome 
invented by the American engineer 
and philosopher R. Buckmtaster Fuller, 
we named it buckmirwerfuilerene, or 
buckyball for short. 

In addition to C«, another molecule, 
appeared to oe quite special in 
these early experiment!. We soon found 
that the stabflity of C~ could be under- 
stood If the molecule had also t» V»n 
the form of a geodesic dome. As Fuller 
had pointed out, all such domes can be 
considered networks of pentagons *nd 
hexagons. The lfltihcanturySwiu math- 
ematician Leonhard Euler calculated 
that any such object must have precise- 
ly 12 pentagons In order to close into 
a spheroid, although the number of 
hexagons can vary widely. The soccer* 
ball structure of C M has 20 hexagons, 
whereas the structure we proposed far 
C n has 25, producing a shape reminis- 
cent of a rugby balL 

In fact, we had found that all the 
even-numbered carbon clusters greater 
than about 32 acorns in size were re- 
markably stable (although less bo than 
60 or 70), and the evidence soon led us 
to postulate that ail these motors had 
taken the structure of geodesic domes. 
Again, in honor of Fuller, it seemed 
fitting to term this entirely new data of , 
molecules the "fullerenea/ 
We later learned that such molecules 


•Daedalus" in tbe N€w Sdsnttit in 1966, 
had conceived of a "hollow molecule' 
made of curled-up graphitic sheets. Oth- 
ers had predicted the stability of 
from calculations and triecr-unsuc- 
cess fully— to synthesize it We, howev- 
er, were apparently the first to discover 
that the material could form sponta- 
neously in a condensing carbon vapor. 

Although our evidence was sound 
and our conclusions were supported 
by extensive further experiments and 
theoretical calculations, we could not 
collecr mors than a few rem of thou- 
sands of thus special new molecules. 
This a m n un t was plenty to detect and 
probe with the sophisticated techniques 
available in our laboratory, but there 
wis not enough to see, touch or smell. 
Our evidence was indirect, much aa It 
is for physicists who study antimatter. 
For now, the ftiflerenes existed only as 
fleeting signals detected in our exotic 
machines. But as chemises, we knew 
that the new material ought to be per- 
fectly stable. Unlike antimatter, the geo- 
desic forms of carbon should be quite 
safe to hold in one's bare hand All we 
had to do was maka mare of them— 
hflllons andbflllcns 
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had already been Imagined David E. 
H. Jones, writing under the pseudonym 
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Thus, foe five years, we had been 
searching for a method of pro- 
ducing visible amounts of the 
stuff. We called cur efforts "tbe torch 
for the yellow vial* because quan- 
tum calculations for such a soccerball- 
ahaped carbon molecule suggested it 
would absorb light strongly only In the 
far violet part of the spectrum. We 
were not alone. Our initial "soccerbalT 


HYFERFULLERENZ STRUCTURE called 
a Russian egg is expected to form along 
with ordinary fullareiiei bt a laser-v*- 
pocted carbon pinnae. Shown ben Is 
tb« most symmetric form: sC^ntha 
con is encapsulated by fullerenes hav- 
ing 240, 540 and 060 atoms. This pro- 
cess could coctinu* Indefinitely to pro- 
due* a macroscopic pardcie wbo«* pes* 
tagena are in iccsahedral alignment. 


proposal, published in Nature in 1985. 
had made the quest one of the hottest 
In chemistry. 

In our laboratory we collected the 
sooty carbon produced by the vapor- 
ization laser while using various chemi- 
cal techniques to detect the presence 
of C^j. We slurried the soot In benzene, 
for example, and looked for i yellow 
color. But the solution in our test tubes 
stayed clear, with boring black soot sit- 
ting on the bottom- The community of 
cluster chemists ran many more so- 
phisticated, experiments but achieved 
no better result. 

Many gave up hope of ever seeing 
the yellow vtaL They reasoned that al- 
though the fullerenes may be stable, it 
was too hard to separate them from the 
other sooty material being produced • 
In the vaporization experiments. Per- 


haps, the workers said, some dedicated 
chemist "might one day extract a few 
micrograms with some special solvent, 
but no one seriously expected 0^ to be 
available in bulk anytime soon. ~ 

In the end, the breakthrough was 
made not by chemists but by physi- 
cists working In a totally different 
area. Huffman, Kritschmer and their 
Jtudents had been engaged for decades 
in a study of Interstellar dust, which 
they assumed to consist mainly of par- 
ticles of carbon (tht moat common par- 
ade-forming element). They therefore 
modeled the phenomenon in the labo- 
ratory by vaporizing carbon and con- 
densing It In as many ways as possible. 
Optical tesrs figured In most of th« 
studies. (Virtually all that is known of 
the interstellar dust items from obser- 


vations of how It absorbs and scatters 
starlight.) 
In 1983 the physicists tried cvapo- 

ratintr a irranhifrp mrl hi/^u^.,. \ . 

- a — r • • — **/ iw«i«ciVC LiCA C" 

ing in an atmosphere of helium. They 
noticed that when the helium pres- 
sure was Just right (about a seventh 
of an atmosphere), the dust strong- 
ly absorbed wavelengths In the far ul- 
traviolet region, creating a peculiar, 
double-humped spectrum {s*t bottom 
tltustratlan on pagt 58]. ikosr observ- 
ers would have missed tie two blips 
on the screen, but not Huffman and 
Krttschmer: they had itudied spectra 
of carbon dust for years without en- 
countering such an effect. Tray dubbed 
it their "camel" sample and wondered 
what it meant. 

Nearly three years later, in the late 
fail of 19SS, Huffman read in Nafun of 
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our discovery of and began to won- 
der If a hollow soccerbaU moIecuJc 
might t)ve cause of the double hump. 
Yer this explanation seemed too good 
to be true, for it required that C M ac- 
count for a significant portion of the 
sample. Why would so much of the car- 
bon end up In such perfectly symmet- 
ric cagea7 Whar did the helium do to 
make it poaslble? The seeming unlikeli- 
ness of this hypothesis, together with 
some difficulty in reproducing the ex- 
periment, led the researchers to put the 
project on the back burner. 


By 1989, however, Hufftnan and 
Kratschmer had become convinced that 
the C fl0 hypothesis ought to be reex- 
amined. They renewed their Interest In 
the camel sample, readily reproducing 
the results of the 1983 experiments. 
This time their attention turned to 
measuring the sample's absorption of 
Infrared light— the wavelengths that In- 
teract with the vibrational motion of 
molecules— in order to test the results 
against theoretical predictions that had 
by now been made for soccerball 
These predictions held that of the 174 


vibrational modes of this putative mol- 
ecule only 46 would be distinct, and 
only four would appear in the Infrared 
range. To their surprise, they found the 
camel sample did display four sharp 
infrared absorption lines, and they ver- 
ified that the lines wertz present only 
in carbon dust produced in the special 
camel way. This finding provided strik* 
ing evidence that C w might be present 
in abundance. . 

Influenced by their background in 
physics, the workers initially choae to 
test their hypothesis by a rather in- 
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volvcd mute. They prepared a sample 
from pure ,J C f a heavy Isotope of car- 
bon, a*d verified rhar rhe extra mass 
shifted the four infrared bands in the 
way expected for so large a molecule 
composed exclusively of carbon. Ulti- 
mately, however, they realized that the 
simplest assay followed a basic dictum 
of organic chemistry: like dissolves like, 
Snould their sample dissolve in an aro- 
matic solvent, such as benzene, this 
would support the predicted aromatici- 
ly'of C,.,,. Because benzene molecules 
take rhe shape of a ring of carbon at- 


oms. C tkl would thus be seen as a kind 
or spherical benzene. 

when the Kratschmur-Huftman Kroup 
finally added benzene ro their camel 
sample and saw the color red develop, 
they realized they were looking at the 
first concentrated solution of fUUercnea 
ever seen. They evaporated the solvent 
and round that tiny crystals remained, 
which readily rcdlssolved. These crys- 
tals could be sublimed under a vacu- 
um near 400 degrees Celsius and con- 
densed on i cold microscope slide to 
form xmooih filrru of solid materials, 


which JCrttschmer and Huffman chris- 
tened "fullcrlu?." 

In thin layers these films were yel- 
low (a fact that those or us ac Rice Uni- 
versity who searched for a "yellow vial" 
find highly gratifying). Although it took 
a while to obtain precise numbers, -It 
i* now known that carbon dust pre- 
pared in the camel way . produces an 
extractable fullcrcne mixture made up 
of roughly 7:3 percent C w (the soccer- 
ball). 23 percent C ai (the rugby ball) 
and a grab bag of larger fUllerenes. 

Merc v\7is a new form of pure, solid 
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FULLEMME [FACTORY makes macroscopic samples la i carbon arc The arc-* re- 
finement of an apparatus developed by Wolfgang KrStschmer and Donald Huff- 
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near the arc long enough for them to close In on themselvevforixiing full* mm. 
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CLU5TEI GENERATOR designed by one of the authors (SmaUey) produced the first 
evidence that fullerenes can form from carbon vapor. A pulsed laser vaporizes car- 
bon: a gust of helium then sweeps the vapor Into a supersonic beam wno*t expan- 
sion cools the atoms, condensing them 
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CRUCIAL GRAPHS' In 19SS the cluster-beam generator showed many even-nura- 
« h clusters, especially C„ f suggesting that these specks art particularly 

aiawe. The humped ultraviolet absorption spectrum led Kritachmer and Huffman 
to dub it the "camel" sample: in 1 990 h was shown to contain C^ 

53 Scientific American October] 99] 


carboa It is the only pure, finite form. 
The other two, diamond and graphite, 
arc actually Infinite network solids, In 
the real world, one usually deals with 
bunks of diamond cut out cf larger bulk 
crystals. Under normal condition!, the 
surfaces of such a piece are instantly 
covered with hydrogen, which ties up 
the dandling surface bonds. Graphite Is 
much the same- No piece of diamond, 
therefore, can ever be truly pure under 
normal conditions. The fullerenes, on 
the other hand, need no other atoms to 
satisfy their chemical bonding require- 
ments on the surface. In this sense, the 
fullerenes an the first and only stable 
forms of pure, finite carbon. 

Once the Kritschmer-Huffman re- 
sults were announced at a conference 
in Konstanz. Germany, in early Septem- 
ber 1990, the act wis on. The study of 
C M and the fullerenes had been tha 
provinct of the few seltct groups that 
had something like our elaborate and 
expensive laser-vaporization cluster- 
beam apparatus. Now Krftschmer and 
Huffman had opened the field to any- 
one who could procure a thin rod of 
carbon, a cheap power supply, a bell- 
Jar vacuum chamber and t few valves 
and gauges. Everybody could play, 

Within a few months, many 
groups were making their own 
fullerenes, Physicists, chem- 
ists and materials scientists thus begun 
an Interdisciplinary feeding frenzy that 
continues to intensify as this article is 
being written Uu box on page 621 The 
key results have been quickly repro- 
duced In over a dozen laboratories, 
some of which have applied alterna- 
tive procedures of verification as welL 
Because fullerenes are readily soluble 
and vaporizable molecules that remain 
arable In air, they are perfectly suited 
to a wide range of techniques. 

One of the roost powerful tech- 
niques— nuclear magnetic resonance 
(NMR)— has confirmed the single moat 
critical aspect of the soccerball struc- 
ture: that all 60 carbon atoms have ex- 
actly the same relation to the whole. 
Only the truncated Icosahedral struc- 
ture we proposed for C w arranges the 
atoms so symmetrically as to distribute 
the strain of closure equally, Such even 
distribution makes for great strength, 
and stability. Indeed, that is why we pro-" 
posed the structure In the first place: it 
explains the extraordinary stability of 
the 60-atorn spedes. ; 

Because Is the most 'symme trie 
molecule possible in three-dimension- 
al Euclidean space. It is literally the 
roundest of round molecules. Edgeleas, 
chargeless and unbound, the molecule 
spins freely, as NMR experiments show, 


mure than 100 million rimes a sccii..^. 
The NMR experiments also dramatical- 
ly verify that has the shape of a 
tiny rugby ball: at room temperature. 11 
spins rapidly about Its long axis, stop- 
ping its frantic motion only below the 
temperature of liquid air. 

High-resolution electron microscopy 
revealed these little carbon balls one at 
a lime— as predicted, they spanned a bit 
more than one nanometer (a billionth of 
a meter). Scanning tunneling microsco- 
py showed that when C w molecules are 
deposited on a crystalline surface, they 
pack as regularly as billiard balls. X-ray 
diffraction studies demonstrated that— 
as one would expect-C^ crystallizes In 
a face-centered cubic lattice, with the 
balls a little more than 10 angstroms 
apart [see ItUustraUan on pege S2\. The 
crystals are as soft as graphite. When 
squeezed to less than 70 percent of 
their Initial volume, calculations predict 
that they will become even harder than 
diamond. When the pressure is relieved, 
they axe observed to spring back to their 
normal volume. Thrown against steel 
surfaces at speeds somewhat greater 
than 17,000 miles per hour (about the 
orbital speed of the U.S. apace shut- 
tle), they are incredibly resilient: they 
Just bounce back. 

We found that the most convenient 
way to generate fullerenes consists of 
setting up an arc between two graph- 
ite electrodes. We maintained a con- 
stant gap by screwing the electrodes 
toward each other as fast as their tips 
evaporated. The process worked best 
when the helium pressure was opti- 
mized and ocher gases, such as hydro- 
gen and water vapor, were rigorously 
eliminated. Such measures produced 
yields of dissolvable fullerenes that 
typically ranged between 10 and 20 
percent of the vaporized carbon. Yields 
as high as 45 percent have recently 
been reported. 

The only Irreducible cost appears to 
be that of the electricity needed to run 
the arc. Sue even the small bench-top 
generators we are now using in our lab- 
oratory provide electricity at a cost that 
amounts to only about five cents per 
gram of C, a . Recently It has been found 
that a. sooting flame (such as that 
of a candle) can be used to produce - 
substantial yields of In the long 
run, this may prove the cheapest way 
to make the material. When the first 
large-scale applicanons of fuJlerenes are 
found-perhaps in superconductors, 
batteries or microelectronics [see box 
on page 52J— the manufacturing cost 
of C WJ will probably fall dose to that 
of aluminum: a few dollars a pound, 
what had recently been described as 
the "most controversial molecule In the 


Cosmo*" is wdl on iu way to becoming 
a bulk commodity. 


Growth of a Buckyball 


A 



host of questions arises out of 


helium doing? How can such 
a perfectly symmetric molecule be 
formed with such high efficiency out 
of the chaos of i carbon arc? And, on 
a more personal level, where did we go 
wrong7 Why did we, and all other chem- 
ists for that matter, fail in che search for 
the yellow vial? Our technique Involved 
helium as welL Whar did the Krarach- 
mer-Huffman team do that made such 
a big difference? 

We now believe the answers to these 
questions Ue In the way carbon vapor 
condenses at high temperatures. Linear 
carbon chains appear to link together 
to form graphitic sheets, and the sheets 
anneal u they grow in the hot vapor. 
Finally, stable, cagelike structures are 
favored by a key concept, which we call 
the pentagon nile. 

Scientists had long known that when 
carbon is vaporized, most of its atoms 
Initially coalesce into clusters ranging 
from two to I S atoms or so. The very 
smallest carbon molecules are known 
to prefer essentially one-dimensional 
geometries. But clusters containing ar 
least 10 arorns most commonly form a 
monocyclic ring— a kind of molecular 
Hula-Hoop that Ls especially favored at 
low temperatures. At very high temper- 
atures, the rings break open to form 
units that comprise as many as 25 car- 
bon atoms, taking the form of linear 
chains. Such chains might be imagined 
to look something like writhing snakes 
as they vtbrate in the hot vapor. 

tt was these linear carbon chains that 
initially jot us involved in carbon dus- 
ter studies and led to the discovery of 
Cfio- °^ British colleague, Harcy Kroto, 
had theorized that the great abundance 
of such linear carbon chains in Inter- 
stellar space may arise from chemicai 
reactions In the outer atmospheres of 
carbon-rich red giant stars. In the early 
1980s one of us (Smalley) had devel- 
oped a supersonic duster-beam device 
for the general study of small dusters 
composed of essentially any element in 
the periodic table [see "Microdusters/ 
by Michad A. Duncan and Dennis H. 
Rouvray; Scientific American, Decem- 
ber 19891. 

We produced clusters by focusing an 
Intense pulsed laser on a solid dlik of 
the element to be studied. The local 
temperature could readily be brought 
above 10.000 degrees C-hotter than 
the surface of most stirs and certainly 
hot enough to vaporize any known ma- 
terial. The resulting vapor was entrained 
in i powerful gust of helium, a cherni- 
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caiiy inert carrier gas, which c< 

vapor so that lr could condense Lu^o 
3 mall dusters. As the carrier gas ex- 
panded through a nozzle Into a vacu- 
um, it generated a supersonic beam of 
clusters whose sizes could be mea- 
sured by a mass spectrometer. 

In 1934 a group ac Exxon using a copy 
of the duster-beam apparatus devel- 
oped at Rice had been the first to study 
carbon clusters In this fashion. Their re- 
sults strongly suggested rhar the linear 
carbon chains Kioto wanted to study 
were in fact being produced in abun- 
dance. In addition, they reported a bi- 
zarre pattern among the larger clusters: 
the distribution was strikingly lacking 
in the species having an odd nurabe- 
of atoms. 

The Exxon researchers recorded but 
did not notice that two particular even- 
numbered members. C a0 and C n , were 
somewhat more abundant than their 
neighbors [see bottom illustration on 
P<39* 581 The mysterious even-num- 
bered distribution of clusters was sepa- 
rated from the small linear-chain distri- 
bution by what appeared to be some- 
thing of a forbidden zone-a region of 
clusters between roughly 25 and 3 5 at- 
oms in size in which few tf any dusters 
could be detected. 

The even-numbered distribution 
was soon discovered to resulr 
from the fullerenea. In one of our 
niany studies of Kroto's linear carbon 
chains, we reproduced the Exxon re- 
sults but found something quite strik- 
ing about the distribution of large 
evai-numbered clusrers. Heath, Kroro 
and O'Brien noticed that the 60th clus- 
ter aeemed five times more abundant 
than any other even-numbered clus- 
ter in the range between 50 and 70 at- 
oms. This differential was dramatically 
greater than anything that had been 
seen before. 

After much discussion. Heath and 
O Brien ipent the next weekend dSy- 
ing with the conditions in the laser-va- 
porization machine's supersonic noz- 
zle. By Monday morning they had man- 
aged to find conditions in which C 
stood our in the cluster distribution 
uke a flagpole. By the next morning we 
had had our Eureka! experience, and 
we were playing with every son of soc- 
cerball we could get our hands on 

We found that we could explain the 
dominance of the even-numbered clus- 
ters by assuming they had all taken the 
structure of hollow, geodesic domes. 
They were all fullerenea. We could also 
argue that some fuller enes were mora 
abundant than others because of thi 
smoothness of the dusters' surface and 
the natural grouping of pentagons. 


Pentagons provided an important 
due- Although hundreds of examples 
are known 'in chemistry of five-mem- 
bered rings attached to tix-membered 
rings in stable aromatic compounds (for 
txampie, ths nucleic adds ^icnina and 
guanine}, only a few occur whose two 
flve-membered rings share in edge, 
tnterestingry, the smallest fuller en* in 
which pentagons need not share an 
edge is C„; the next Is Although 
C n and all larger fullerenea can easily 
adopr structures tn which the five 1 
membered rings are well separated 
one finds that these pentagons in the' 
larger fullerenes occupy strained poai- 


" tio. fhis vulnerability makes the car- 
bon acorns at such sites particularly 
suscep rible to chemical a ttadc . 

The big question, however, was not 
why fullerenes were stable but rarh^ 
how they formed so nadlly In kser^vi- 
portzed graphite. Near the end of 198S 
we suggested that ths process began 
with linear chains. As the carbon vapor 
began to condense, the linear chains 
would grow long enough to flip back 
on themselves to form large monocy- 
clic Hula-Hoops. As the growth contin- 
ued, the chains would also fold inro 
more effectively connected polycycllc 
network structures. Because graphite, 
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graphitic sheet structures as flat, a* 
ter all. the sheets are certainly flac In 
a perfect crystal of jraphite, and there 
la a huge class of very stable porycy- 
die aromatic hydrocarbons that are 
aiia flat (naphthalene and anthracene, 
for Instance), But these free-floating 
graphitic sheets in the condensing car- 
bon vapor have no atoms to tie up the 
dangling bonds on their edges. They 
therefore have little reason to remain 
flat. Indeed, the physical tendency to 
reach the lowest energy level available 
induces the sheets to eliminate their 
dangling bonds by curling up. 

We discovered a strategy-the pen- 
tagon rule— according to which the 
sheets could accomplish this feat. The 
aheets rearrange their bonding so that 
pentagons are formed, causing the net- 
work to curve and permitting at lease 
one good carbon-carbon bond to re- 
place two dangling bonds. If some pen- 
tagons were good, more would be bet- 
ter. But we cautioned that it would be 
wise to avoid having two pentagons po- 
sitioned so that they shared an edge, 
since this configuration is known to be 
rather unstable. If this process contin- 
ues as the graphitic sheet grows, the 
network will naturally curl until the op- 
posing edges meet to form the perfect 
soccerball structure. In this way, we ar- 
gued in 1985, the formation of -buck- 
minsterfullerene from spontaneously 
condensing carbon vapor might not be 
so surprising after all 

Of course, there is no reason to ex- 
pea that all growing graphitic sheets 
will close up-they merely have a the- 
oretical propensity to do so. In reality, 
we expected clusters to grow too fast 
for imperfections to be corrected, so 
that the growing edge would typically 
overrun the opposite side, much like 
an overgrown toenail Further growth 
would result in a splrallng nautilus- 
shaped structure that would prevent 
the growing edge from ever meeting its 
opposite, which would be hopelessly 
buried on the inside of the spiral 

This spiral shape seemed so Interest- 
ing that we went on to suggest it may 
be formed In sooting flames and may 
In fact be the nucleus Involved in the 
formation of soot In this scenario, ful- 
erenes like C w and C n are rather un- 
likely local -stopping points in a curv* 
lng, splrallng growth mechanism thar 
ultimately results in soot. 

Although this turned out to be a use- 
ful model, which within a few years led 
to the discovery that C« and the other 
nuiertnes are In fact abundant in all 
sooting flames, to some extent It mis- 
led ui Perfect closure need not always 
be that unlikely. Granted, the curving 
process is liable to be waylaid in a can- 
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die flame, whert much hydrogen wan- 
ders around, tying up dangling bonds 
as It goes. These termlrured dangling 
bands would tend to frustrate the curv- 
ing and doling mechanism. 

But In a pure condensing carbon va- 
por one may be able to prolong the pe- 
riod In which the carbon nets remain ; 
open. If the temperature is kept high 
enough, the nets will effectively anneal, 
that U, they will adopt their most fa- 
vored form by obeying tin pentagon 
rule. Such conditions should thus pro- 
duce a very high yield of This Is 
what we believe Kr&tschmer and Huff- 
man achieved. By using a simple, resis- 
tively heated graphite rod, they en- 
sured that the concentration of small 
linear carbon radicals would be low 
and that the graphitic sheets would 
add these chains to their edges rela- 
tively slowly. The helium was critical, 
we believe, because it slowed migration 
of these chains away tram the graphite 
rod. More chains lingered near the arc, 
which provided the heat they needed 
to continue to curve. 


Not only was this line cf reasoning 
available to us in 1985. it wis 
a direct extension of thi growth 
model we proposed at the time. Yet the 
yellow vial, so close to our grasp, elud- 
ed us because we did not think big. We 
were to intent on proving the existence 
of soccerball moleculu thar we asked 
no more of our model than that it ratio- 
nalize tiny yields of Had we asked 
for more, had we considered the mod- 
era logical consequences, we would 
have— at least wt should have— realized 
that we were heating and cooling the 
carbon too fast for it to anneal properly. 

The solution would then have become 
obvious: the whole apparatus must be 


heated so that the laser-vaporized car- 
bon plume expands further while it is 
still hot enough to anneal Sure enough, 
when we Anally did this in November 
1990 by keeping the graphite target in 
. an oven at 1,200 degrees C while pass- 
ing helium over it slowly, a yellow- 
brown film of C ffl and rapidly sub- 
limed on the surface of the oven. We 
found what we were looking for— ftve 
years late. 

, It appears, therefore, that a rather 
simple model explains the ready forma- 
tion of this brand-new class of carbon 
molecules. Amazingly, appears to. 
result Inevitably when carbon condens- 
es slowly enough and at a high enough 
temperature. This discovery has come a 
bit later than it should have. But no mat- 
ter: now we have it. And now the real 
fun can begin I 
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the most stable known form of carbon, 
has Its atoms bound in infinite hexago- 
nal sheets, we suspected that the poly- 
cyclic network duren resembled piec- 
es of such sheets. We expected it to 
look like a fragment of chicken wire." 
Like a cutout section of chicken wire, 


tfose graphitic sheets would have many 

&, making rh*rn chemi- 

much more so t**n the 
smaller linear rh^™ which have only 
two such bonis, one on each end. The 
ahests, therefore, would not be expect- 
ed to be abundant In the duster beam*. 


Almoat as soon as they form, they react 
with other small carbon molecules and 
grow too Urge to be seen. Thii, we be- 
Uevt, cxpiaina why there it a forbidden 
zone becwetn the small IlneaiHchain dis- 
tribution and the flrat umaii fuQerenes, 
Chemists an conditioned to rhi^y ^ 


Fuller ene Electronics 


Currently the most technologically Interesting prop- 
erties of bulk C Sfl are electronic: In various com- 
pound forms It functions as an Insulator, a conduc- 
tor, a semiconductor and a superconductor. 

The material crystallizes when C f0 molecules pack to- 
gether like Plng-Pong bails In a face-centered cubic lattice. 
Calculations over the past few months have predicted that 
this new material is a direct band-gap semiconductor like 
gallium arsenide. All its units stand precisely at their posts 
In a crystalline structure. But unlike the elements of galli- 
um arsenide, the buckybails spin freely and at random. 
This disorder gives them a certain resemblance to amor- 
phous silicon— 4 constituent of Inexpensive solar cells. Tht 
peculiar disorder within order of bulk C„ has yet to be fui- 
ly explored, but It is expected to produce a wholly new 
kind of semiconductor. 

Early In 1991 researchers at AT&T Bell Laboratories dis- 
covered that they could mix, or dope, C w with potassium 
to produce a new metallic phase— a buckide' salt. It 
reaches Its maximum electrical conductivity when there 
are three potassium atoms to each buckybaiL If too much 
potassium Is added, however, the material becomes Insu- 
latlng. Subsequent work has shown that K,C M Is a stable 
metallic crystal consisting of a face-centered cubic struc- 
ture of buckybails, with potassium Ions filling the cavities 
between the balls- Potassium buckide is the first complete- 
ly three-dimensional molecular metal. 

The Bell Labs team further discovered that this K,C W met- 
al becomes a superconductor when cooled below IS kel- 
vins. When rubidium Is substituted for the potassium, the 
critical temperature for superconductivity was found to be 
near 30 kelvins. (Recently workers at AHIed-SIgnal, Inc., de- 
tected superconductivity at 43 kelvins for rubidlum-thaill- 
um-doped materia].) Careful work at the University of Cali- 
fornia at Los Angeles has shown that the superconducting 
phase is stable and readily annealed— imperfections can be 
smoothed away by heating and cooling. 

manufactured as a three- 
Cimensional superconductor, making it a candidate for 
practical superconducting wires. Early estimates of mag- 
netic and other characteristics Indicate that these super- 
conducting buckide salts are similar to the high-tempera- 
ture superconducting ceramics made of yttrium, barium 
and copper oxide. 

W °i k at th * Unlva ""Y of Minnesota has shown 
hat highly ordered C« films can readily be grown on crys- 

l 2 ^f s f"' " milium arsenide. This. attribute 
makai the film « suitable material for microelectronic fabri- 
cation Beautlfulfy regular films of the superconductor 

£15* m l e U " mlcyo *™P h at righA. and the Inter- 
face between the C„ crystalline film and the K 3 C„ material 
has been found to be stable. It may thus lend fiwlf to the 
production of intricately layered microelectronic devices. 

in oraer for the semiconducting properties of fuilerene 
materials to be thoroughly exploited, scientists need to. 


learn how to dopt them selectively to make *-type and 
p-type fuilerene films, which donate electrons and holes, 
respectivery. Such doping may Involve putting a dopant 
atom Inside the cage, either by growing the cage around 
the atom or by shooting atoms through the carbon waifs 
by brute force. SmaJI atoms, such as helium, have already 
been Injected this way Into the C M cage, and It seems like- 
ly that hydrogen and lithium are insertable as well. 

The versatility of bulk C M seems to grow week by week. 
As we go to press, for example, there Is a report suggest- 
ing that fuilerene complexes exhibit ferromagnetic qual- 
ities in the absence of metais, an unparellefed phenome- 
non. Also, British workers from th« universities of Leicester, 
Southampton and Sussex havt Just reported the genera- 
tion of macroscopic quantities of fully fluortnatad bucky- 
bails (C«F,A The resulting "teflon balls' may be among 
tht world's best lubricants. We do not know what the fui- 
lerenes' burgeoning traits will allow, but It would be sur- 
prising if the possibilities are not wonderful. 
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SUFERCONDUCTTNC FULLERIDE foxnu when budcyballa 
art dop«d with potanlum In the ratio oi K^C. [diagram), 
producing a crystai that can be grown on a gaflhun 
nlde substrate {sainntnq tunntlinf micrograph). 
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Rice Quantum Institute and Departments of Chemistry and Electrical 
Engineering. Rice University. Houston, Texas 77251, USA 

During experiments aimed at understanding the mechanisms by 
*hich long-chain carbon molecules are formed in interstellar space 
and circumstellar shells 1 , graphite has been vaporized by lastr 
irradiation, producing a remarkably stable cluster consisting of 
60 carbon atoms. Concerning the question of what kind of 60- 
carboo atom structure might give rise to a superstate species, we ' 
suggest a truncated icosahedron, a polygon with 60 vertices and 
32 faces, 12 of which are pentagonal and 20 hexagonal. This object 
is commonly encountered as the football shown in Fig. 1. The C w 
molecule which, results when a carbon atom is placed at each vertex 
of this structure has all valences satisfied by two single bonds and 
one double J>ond, has many resonance structures, and appears to 
bt aromatic. -. — : . 

The technique -used to produce and detect this unusual 
molecule involves the ^^zatrolTq'f . 
&waccv:oka;soM^^ 

gq e r &' es of-530 niJ ?The resulting carbon clusters were expanded 
in a supersonic molecular beam, photoionized using an excimcr " 
laser, and detected by limc-of-flight mass spectrometry. The 
vaporization chamber is shown in Fig. 2. In the experiment the 
pulsed valve" was opene'd "first and then the vaporization lase?^ 

"was fired after a'precisely controlled delay. Carbon species were" 
vaporized into the helium stream, cooled and partially cqutli- ' 

t bratcd in.thc expansion, and travelled in the resulting molecular 
beam to the ionization region. The clusters were ionized by 
direct one-photon excitation with a carefully synchronized 
excimer laser pulse. The apparatus has been fully described 
previously \ - . ^ 

The vaporization of carbon has been studied previously in a 
very similar apparatus 6 . In that.work clusters of up to 190 carbon 
atoms were observed and it was noted thai for clusiers of more 
than 40 atoms, only those containing an even number of atoms 
were observed.* In the mass spectra displayed in rcf. 6. the 
peak is the largest for cluster sizes or >40 atoms, but it is not » 
completely dominant. We have recently re-examined this system 
and found that under certain clustering conditions the C*, peak 
can be made about 40 times larger than neighbouring clusters. 

Figure 3 shows a scries of cluster distributions resulting from , 
variations in the vaporization conditions evolving from a cluster 
distribution similar to that observed in ref. 3, to one in which 
<-« is totally dominant. In Fig. 3c, where the firing oflhe vaporiz- 
ation laser was delayed until most of the He pulse had passed 
a roughly gaussian distribution of large, even-numbered clusters 
with 3S-120 atoms resulted. The C M peak was largest but not 
dominant. In Fig. 36. the vaporization laser was fired at the time 
or maximum helium density; the C« peak grew into a feature 
perhaps five times stronger than its neighbours, with the excep- 
tion of C 70 . In Fig, 3a, the conditions were similar to those in 
Fig. 36 but m addition the integrating cup depicted in Fig 2 
was added to increase, the time between vaporization and 
expansion. The resulting cluster distribution is completely domi- 
nated by C^. in fact more than 50% of the total large cluster 
abundance is accounted for by C„; the C, 0 peak has diminished 
in relative intensity compared with C m ; but remains rather 
prominent, accounting for -5% of the large cluster population. 

Our rationalization of these results is that in the laser vaporiz- 
ation, fragments arc torn from the surface as pieces oflhe planar 


Fig. 1 A football (in the 
United Stales, a socccrball) 
on Texas grass. The C w[ 
molecule featured in this 
letter is suggested to ha\e 
the truncated icosahedral 
structure formed b> 
replacing each \crtcx on ihe 
scams of such a ball b\ a 
carbon atom. 



graphite fused six-mcmbcred ring structure. W c believe that the 
distribution in Fig. 3c is fairly representative" of the nascent 
.distribution of larger ring fragments. When these hot ring clusters 
are left in contact with high-density helium, theclusters equili- 
brate by two- an d three-body collisions towards the most stable 
species, which appears to be a unique cluster containing 60 
■ atoms.*; " ■ • ■■**.:*■- "--"■:•„.-'■* . — — .: 

When - one thinks in terms~or the many Tused-nng^orScrs 
with unsatisfied valences at the edges that would naturally arise 
from a graphite fragmentation, this result seems impossible- 
there is not much to choose between such isomers in terms of 
stability. If one tries to shift to a tctrahedrai diamond structure 
the entire surface of the cluster will be covered with unsatisfied 
valences. Thus a search was made for some other plausible 
structure which would satisfy all sp : valences. Only a spheroidal 
structure appears likely to satisfy this criterion, and thus Buck- 
. minster Fuller's studies were consulted (see, for. example ref 
7 >: .^unusually beautiful (andjjrobably unique) choice is the 
truncated icosahedron depicted in Fig. 1. As mentioned above 
all valences arc satisfied with this structure, and the molecule* 
appears to be aromatic. The structure has the symmetry of the 
icosahedral group.. The inner and outer surfaces are covered 
with a sea of tt electrons. The diameter of this molecule is 
..-7 A, providing an inner cavity which appears to be capable 
of holding a variety of atoms*. 

Assuming that our somewhat speculative structure is correct, 
there are a number of important ramifications arising from the. 
existence of such a species. Because of its stability when formed 
under the most violent conditions, it may be widely distributed 
in the Universe. For example, it may be a major constituent or 
circumstellar shells with high carbon content. It is a feasible 
constituent of interstellar dust and a possible major site for 
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Fig. 2 Schematic diagram of ihe pulsed supersonic nozzle used 
lo generate carbon cluster beams. The integrating cup can be 
removed at the indicated line. The \aponzauon laser beam (30- 
40 m J at 532 nm in a 5 ns pulse! is focused through the nozzle, 
striking a graphite disk * hich is rotated slowly to produce a smooth 
vaporization surface. The pulsed nozzle passes high. density helium 
over this vaporization zone. This helium carrier gas provides ihe 
thcrmalizing collisions necessary to cool, react and cluster. the 
species in ihe vaporized graphite plasma, and the wind necessary 
to carry ihe cluster products through the remainder of the nozzle. 
Free expansion of ihij cluster-laden gas at the end of the nozzle 
forms a supersonic beam which is probed 1.3 m downstream with 
a time -of. flight mass spectrometer. 
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Fig. 3 Ttme-or-ftighi mass spectra of carbon clusters prepared by 
laser vaporization or graphite and cooled in a supersonic beam. 
Ionization, was effected by direct one-photon excitation with an 
ArF excimer laser (6.4 eV. 1 m j Crn -i). -p^ lhrcc „ shown 
dtfler in the extent of helium collisions occurring in the supersonic 
non e..In c. the effective helium density over the graphite target 
was less than 10 torr-the observed cluster distribution here is 
believed to be due simply to pieces of the graphite sheet ejected 
in the primary vaporization process. The spectrum, in b was 
obtained when roughly 760 torr helium was present over the 
graphite target at the time oflaser vaporization. The enhancement 
or C„ and C 70 is believed to be due to gas-phase reactions at these 
higher clustering conditions. The spectrum in a was obtained by 
maximizing these cluster thcrmalizaiioh and cluster-cluster reac- 
tions in the 'integration cup' shown in Fig. 2. The concentration 
of cluster species in the especially stable C„ form is the prime 
experimental observation of this study. 


surface-catalysed chemical processes which lead to the forma 
tion of interstellar molecules. Even more speculatively T' 
or ^derivative might be the carrier of the diffuse interslellal 
lines . 

If a large-scale synthetic route to this C M species can be round 
the chemical and practical value of the substance may prove 
extremely high. One can readily conceive or C M derivatives of 
many kinds— such as C w transition metal compounds for 
"ample, C^Fe or halogenated species like C^F^ which might 
be a super-lubricant. We also have evidence that an atom (such 
as lanthanum 1 and oxygen 1 ) can be placed in the interior 
producing molecules which may exhibit unusual properties. For 
example, the chemical shift in the NMR of the central atom 
should be remarkable because of the ring currents. If stable in 
macroscopic, condensed phases, this species would provide 
a topological^ novel aromatic nucleus for new branches of 
organic and inorganic chemistry. Finally, this especially stable 
and symmetrical carbon structure provides a possible catalyst 
and/or intermediate to be considered in modelling prcbiotic 
chemistry. 

We are disturbed at the number of letters and syllables in the 
rather fanaful but highly appropriate name we have chosen in 
the title to refer to this Qo species. For such a unique and 
centrally important molecular structure, a more concise name 
would be useful. A number of alternatives come to mind (for 
example, ballcne, sphcrene, socccrene, carbosoccer), but we 
prefer to let this issue of nomenclature be settled by consensus 
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" Jfress Release: The i996 Nobel Jfrize in tJliemistry 

KUNGL. VETENSKAPSAKADEMIEN 
THE ROYAL SWEDISH ACADEMY OF SCIENCES 

9 October 1996 


The Roval Swedish Academy of Sciences has decided to award the 1996 Nobel Prize in Chemistry to 

Professor Robert F. Curl, Jr., Rice University, Houston, USA, 
Professor Sir Harold W. Kroto, University of Sussex, Brighton, U.K., and 
Professor Richard E. Smalley, Rice University, Houston, USA, 

for their discovery of fiillerenes. 


Note: This document is made for Netscape 2.0 orlater, and some of the chemical formulas might not appear as intended using 
other browsers. 


The discovery of carbon atoms bound in the form of a ball is rewarded 

New forms of the element carbon - called fiillerenes - in which the atoms are arranged in closed shells < 
was discovered in 1985 by Robert F. Curl, Harold W. Kroto and Richard E, Smalley. The number of 
carbon atoms in the shell can vary, and for this reason numerous new carbon structures have become 
known. Formerly, six crystalline forms of the element carbon were known, namely two kinds of graphite, 
two kinds of diamond, chaoit and carbon(VI). The latter two were discovered in 1968 and 1972. 

Fullerenes are formed when vaporised carbon condenses in an atmosphere of inert gas. The gaseous 
carbon is obtained e.g. by directing an intense pulse of laser light at a carbon surface. The released carbon 
atoms are mixed with a stream of helium gas and combine to form clusters of some few up to hundreds 
of atoms. The gas is then led into a vacuum chamber where it expands and is cooled to some degrees 
above absolute zero. The carbon clusters can then be analysed with mass spectrometry. 

Curl, Kroto and Smalley performed this experiment together with graduate students J.R. Heath and S.C. 
OBrien during a period of eleven days in 1985. By fine-tuning the experiment they were able in particular 
to produce clusters with 60 carbon atoms and clusters with 70. Clusters of 60 carbon atoms, C 60 , were the 

most abundant. They found high stability in C fi0 , which suggested a molecular structure of great 

symmetry. It was suggested that C fi0 could be a "truncated icosahedron cage", a polyhedron with 20 

hexagonal (6-angled) surfaces and 12 pentagonal (5-angled) surfaces. The pattern of a European football 
,has exactly this structure, as does the geodetic dome designed by the American architect R. Buckminster 
Fuller for the 1967 Montreal World Exhibition. The researchers named the newly-discovered structure 
buckminsterfullerene after him. 


BEST AVAILABLE COPY 


10/15/1999 11:01 AM 


The discovery of the unique structure of the C 60 was published in the journal Nature and had a mixed 

reception - both criticism and enthusiastic acceptance. No physicist or chemist had expected that carbon 
would be found in such a symmetrical form other than those already known. Continuing their work 
during 1985-90, Curl, Kroto and Smaiiey obtained further evidence that the proposed structure ought to 
be correct. Among other things they succeeded in identifying carbon clusters that enclosed one or more 
metal atoms. In 1990 physicists W. Kratschmer and D.R. Huffman for the first time produced isolable 
quantities of C 6Q by causing an arc between two graphite rods to bum in a helium atmosphere and 

extracting the carbon condensate so formed using an organic solvent. They obtained a mixture of C 60 and 

C 70 , the structures of which could be detejrmined. This confirmed the correctness of the C 6Q hypothesis. 

The way was thus open for studying the chemical properties of C 60 and other carbon clusters such as C ?0 , 

C 76 , C 78 and C g4 . New substances were produced from these compounds, with new and unexpected 

properties. An entirely new branch of chemistry developed, with consequences in such diverse areas as 
astrochemistry, superconductivity and materials chemistry/physics. 

Background 

Many widely diverse research areas coincide in the discovery of the fullerenes. Harold W. Kroto was at 
the time active in microwave spectroscopy, a science which thanks to the growth of radioastronomy can 
be used for analysing gas in space, both in stellar atmospheres and in interstellar gas clouds. Kroto was 
particularly interested in carbon-rich giant stars. He had discovered and investigated spectrum lines in 
their atmospheres and found that they could be ascribed to a kind of long-chained molecule of only 
carbon and nitrogen, termed cyanopolyynes. The same sort of molecules is also found in interstellar gas 
clouds. Kroto's idea was that these carbon compounds had been formed in stellar atmospheres, not in 
clouds. He now wished to study the formation of these long-chain molecules more closely. 

He got in touch with Richard E. Smalley, whose research was in cluster chemistry, an important part of 
chemical physics. A cluster is an aggregate of atoms or molecules, something in between microscopic 
particles and macroscopic particles. Smalley had designed and built a special laser-supersonic cluster 
beam apparatus able to vaporise almost any known material into a plasma of atoms and study the design 
and distribution of the clusters. His paramount interest was clusters of metal atoms, e.g. metals included 
in semiconductors, and he often performed these investigations together with Robert F. Curl, whose 
background was in microwave and infra-red spectroscopy. 

Atoms form clusters 

When atoms in a gas phase condense to form clusters, a series is formed where the size of the clusters 
varies from a few atoms to many hundreds. There are normally two size maxima visible in the - 
distribution curve, one around small clusters and one around large. It is often found that cer-tain cluster 
sizes may dominate, and the number of atoms in these is termed a "magic number", a term borrowed 
from nuclear physics. These dominant cluster sizes were assumed to have some special property such as 
high symmetry. 

* r 

Fruitful contact 

Through his acquaintanceship with Robert Curl, Kroto learned that it should be possible to use Smalley ! s 
instrument to study the vaporisation and cluster formation of carbon, which might afford him evidence 
that the long-carbon-chain compounds could have been formed in the hot parts of stellar atmospheres. 
Curl conveyed this interest to Smalley and the result was that on 1 September 1985 Kroto arrived in 
Smalley's laboratory to start, together with Curl and Smalley, the experiments on carbon vaporisation. In 
the course of the work it proved possible to influence drastically the size distribution of the carbon 
clusters where, predominantly, 60 appeared as a magic number but also 70 (Fig, 1). The research group 
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now got something else to think about. Instead of long carbon chains, the idea arose that the C fi0 cluster 

could have the structure of a truncated (cut off) icosahedron (Fig. 2) since its great stability was assumed 
to correspond to a closed shell with a highly symmetrical structure. C 60 was given a fanciful name, 

buckminsterfullerene, after the American architect R. Buckminster Fuller, inventor of the geodesic dome. 
This hectic period ended on 12 September with the despatch of a manuscript entitled C 6Q : 

Buckminsterfullerene to Nature. The journal received it on 13 September and published the article on 14 
November 1985. 

Sensational news 

For chemists the proposed structure was uniquely beautiful and satisfying. It corresponds to an aromatic, 
three-dimensional system in which single and double bonds alternated, and was thus of great theoretical 
significance. Here, moreover, was an entirely new example from a different research tradition with roots 
in organic chemistry: producing highly symmetrical molecules so as to study their properties. The 
Platonic bodies have often served as patterns, and hydrocarbons had already been synthesised as 
tetrahedral, cubic or dodecahedral (12-sided) structures. 


Carbon atoms per cluster 

Fig. 1 

Using mass spectroscopy it was found that the size 
distribution of carbon clusters could be drastically 
affected by increasing the degree of chemical Fig- 2 

"boiling" in the inlet nozzle to the vacuum chamber. Models of the structures of C^. (Acc. Chem. Res., 
Clusters with 60 and 70 carbon atoms could be Vol. 25, No. 3, 1992) 
produced. (Acc. Chem. Res., Vol. 25, No. 3, 1992) 
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Further investigations 

To gain further clarity Curl, Kroto and Smalley continued their investigations of C^. They attempted to 

make it react with other compounds. Gases such as hydrogen, nitrous oxide, carbon monoxide, sulphur 
dioxide, oxygen or ammonia were injected into the gas stream, but no effect on the C 60 peak recorded in 

the mass spectrometer could be demonstrated. This showed that was a slow-reacting compound. It 

also turned out that all carbon clusters with an even number of carbon atoms from 40-80 (the interval that 
could be studied) reacted equally slowly. Analogously with C 60 all these should then correspond to 

entirely closed structures, resembling cages. This was in agreement with Euler's law, a mathematical 
proposition which states that for any polygon with n edges, where n is an even number greater than 22, at 
least one polyhedron, can be constructed with 12 pentagons and (n-20)/2 hexagons, which, in simple 
terms, states that it is possible with 12 pentagons and with none or more than one hexagon to construct a 
polyhedron. For large n many different closed structures can occur, thus also for C 60 , and it was 

presumably the beautiful symmetry of the proposed structure that gave it the preference. 

The combination of chemical inertia in clusters with even numbers of carbon atoms and the possibility 
that all these could possess closed structures in accordance with Euler's law, led to the proposal that all 
these carbon clusters should have closed structures. They were given the name fullerenes and conceivably 
an almost infinite number of fullerenes could exist. The element carbon had thus assumed an almost 
infinite number of different structures. 

C rft and metals 

ou 

New experiments were rapidly devised to test the C 60 hypothesis. Since the C 60 structure is hollow, with 

room for one or more other atoms, attempts were made to enclose a metal atom. A graphite sheet was 
soaked with a solution of a metal salt (lanthanum chloride, LaCl 3 ) and subjected to 

vaporisation-condensation experiments. Masspectroscopic analysis of the clusters formed showed the 
presence of C 6Q La + . These proved to be photoresistant, i.e. irradiation with intense laser light did not 

remove the metal atoms. This reinforced the idea that metal atoms were captured inside the cage 
structure. 

The possibility of producing clusters with a metal atom enclosed gave rise- to what was termed the 
"shrink-wrapping" experiment. Ions of one and the same size or at least similar sizes were gathered in a 
magnetic trap and subjected to a laser pulse. It then turned out that the laser beam caused the carbon cage 
to shrink by 2 carbon atoms at a time: at a certain cage size, when the pressure on the metal atom inside 
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became too great, the fragmentation ceased. The shell had then shrunk so that it fitted exactly around the 
metal atom. For C 6Q Cs + this size was at C 4g Cs + , for C 6Q K + it was at C^K* and for C 60 + at C 32 + . 

Further strong evidence gave rise to new chemistry 

At the end of the 1980s, strong evidence was available that the C 60 hypothesis was correct. In 1990 the 

synthesis of macroscopic quantities of C 60 through carbon arc vaporisation between two graphite 

electrodes permitted the attainment of full certainty - the whole battery of methods for structure 
determination could be applied to C 6Q and other fullerenes and completely confirmed the fiillerene 

hypothesis. As opposed to tjie other foims of carbon the fullerenes represent well-defined chemical 
compounds with in some respects new properties. A whole new chemistry has developed to manipulate 
the fiillerene structure, and the properties of fullerenes can be "studied systematically. It is possible to 
produce superconducting salts of C 60 , new three-dimensional polymers, new catalysts, new materials and 

electrical and optical properties, sensors, and so on. In addition, it has been possible to produce thin tubes 
with closed ends, nanotubes, aiTanged in the same way as fullerenes. From a theoretical viewpoint, the 
discovery of the fullerenes has influenced our conception of such widely separated scientific problems as 
the galactic carbon cycle and classical aromaticity, a keystone of theoretical chemistry. No practically 
useful applications have yet been produced, but this is not to be expected as early as six years after 
macroscopic quantities of fullerenes became available. 

Further reading 

Jim Baggott, Perfect Symmetry: The Accidental Discovery of Buckminsterfullerene, Oxford University 
Press, 1994, DC + 315 pp. 

Hugh Aldersey- Williams, The Most Beautiful Molecule: An Adventure in Chemistry, Aurum Press, 
London, 1 995, DC + 340 pp. 

Robert F. Curl and Richard E. Smalley, Probing C 6Q , Science, 18 Nov. 1988 Vol. 242 
Harold Kroto, Space, Stars, C 6(f and Soot, Science, 25 Nov. 1988 Vol. 242 

-ELW. Kroto, A.W. Allaf, and S.P. Balm, C 6Q : Buckminsterfullerene, American Chemical Society, 1991 

Richard E. Smalley, Great Balls of Carbon; The Story of Buckminsterfullerene, The Sciences, 
March/April 1991 

The All-Star ofBuckyball; Profile: Richard E. Smalley, Scientific American, September 1993 

Rudy M. Baum, Commercial Uses of Fullerenes- and Derivatives Slow to Develop, News Focus, Nov. 22, 

1993 C&EN 

Hargittai, Istv(SIGMA)n, Discoverers ofBuckminsterfullerene, The Chemical Intelligencer, 
Springer- Verlag, New York, 1995 
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Robert F. Curl Jr., was bom in 1933 in Alice, Texas, USA: PLD. in chemistry in 1957 at University of 
California, Berkeley, USA. Curl has since- 1958 worked at Rice University, where he has been a professor 
since 1967. • 

Professor Robert F. Curl Jr. 

Department of Chemistry 
Rice University 
P.O.Box 1892 

Houston, TX 77251, USA • ~ 

Sir Harold W. Kroto was bom in 1 939 in Wisbech, Cambridgeshire, UK. He obtained his Ph.D. in. 1 964 
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at the University of Sheffield, UK. In 1967 he moved to the University ot Sussex, where he still works. In 
1985 he became Professor of Chemistry there and in 1991 Royal Society Research Professor. 

i i uicooui uu u.ai uiu rr.xviutu 

School of Chemistry and Molecular Sciences 
University of Sussex 
Brighton, Sussex BN1 9QJ, UK 

Richard E. Smalley was born in 1943 in Akron, Ohio, USA. Ph.D. in chemistry 1973 at Princeton 
University, USA. Professor of Chemistry at Rice University since 1981 and also Professor of Physics at 
the same university since 1990. Member of the National Academy of Sciences in the USA and other 
bodies. 

Professor Richard E. Smalley 

Department of Chemistry 
Rice University 
P.O. Box 1892 
Houston, TX 77251, USA 
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